Study Objective-Prediction rules for pulmonary embolism (PE) employ variables explicitly shown to estimate the probability of PE. However, clinicians often use variables that have not been similarly validated, yet are implicitly believed to modify probability of PE. The objective of this study was to measure the predictive value of 13 implicit variables. Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. Results-7,940 patients (7.2% VTE+) were enrolled. Mean age was 49±17 years and 67% were female. Eight of 13 implicit variables were significantly associated with VTE; those with an adjusted OR >1.5 included non-cancer related thrombophilia (1.99), pleuritic chest pain (1.53), and family history of VTE (1.51). Implicit variables that predicted no VTE outcome included: substernal chest pain, female gender, and smoking. Nine of 12 explicit variables predicted a positive outcome of VTE, including unilateral leg swelling, recent surgery, estrogen, hypoxemia and active malignancy.
Background
Chest pain and shortness of breath are the two most common symptoms associated with pulmonary embolism (PE). Together these symptoms are responsible for 10 million visits annually to United States emergency departments (EDs). 1 The concern for morbidity and mortality directly caused by failing to diagnose PE has lead to an increase in the use of D-dimer testing, and CT angiography, particularly in ambulatory patients. 2 -3 Pretest probability prediction rules have been designed with the goal of increasing the net efficiency of the diagnostic workup for PE. These systems employ predictor variables that have been qualitatively defined in words, quantitatively defined by statistical testing, incorporated into algorithms or scoring systems 4 -6 and subsequently validated in clinical practice. [7] [8] Accordingly, we submit that variables vetted through this process allows their designation as explicit predictors.
Importance
A survey of community and academic emergency clinicians indicated frequent use of unstructured reasoning when they formulate a pretest probability of PE. 9 We have inferred from these data that clinicians employ many clinical variables they implicitly assume to be associated with PE that have not previously been used in published decision rules. We speculate that the rationale for implicit predictors may have originated in textbook chapters, review articles, lectures by experts, and from structured and unstructured didactics in academic medical centers, as well as an extrapolation from the perceived pathophysiology.
Goals of This Investigation
This study examines the individual predictive value of a battery of predictor variables that were prospectively recoded by a large sample of ED clinicians who ordered diagnostic testing for PE in 7,940 patients. The aim was to compute and compare the adjusted odds ratios for 13 predefined implicit variables (assumed to be predictive but not part of existing pretest probability or scoring systems) that are commonly taught and used as rationale to initiate, delay, or obviate testing for PE versus 12 explicit predictor variables (with origin in published prediction rules for PE).
Methods
Theoretical construct of the model Figure 1 depicts what the authors believe to be the current state of thinking among both researchers and clinicians regarding risk factors for PE in the ED. The clinical predictors on the left generally push decision-making towards testing for PE, whereas the variables on the right generally decrease desire to order CT testing for PE, and items over the fulcrum are the grey-zone, implicit predictors. At present, the no published data teach how much these implicit predictors weigh or where they should be placed in the scale diagrammed in Figure 1 . To address this unknown, this study presents a preplanned analysis of a large database of ED patients evaluated for PE, with bedside predictor variables and outcomes collected and recorded under a unified, rigorous protocol. This allows a simultaneous examination of multiple explicit (traditional) and implicit (assumed) predictor variables for PE in a single logistic regression equation. This methodology allows a head-to-head comparison of the predictive value of these predictors.
Study Design and Setting
This was a prospective observational study conducted in 12 emergency departments in the US, from July 1, 2003 until November 30, 2006 using methodology previously described in a report validating a low risk PE prediction rule (the PERC rule).10 However, data from one of the sites (Christchurch, New Zealand) that was collected and complete for validation of the PERC rule was not complete with respect to analysis of all data elements required for this manuscript and therefore not included in this analysis.10 This study was approved by the Institutional Review Boards for the conduct of human subject research at all institutions. Ten of 12 sites were required to obtain verbal or written consent, 2 sites were issued a waiver of requirement of informed consent. The 12 sites included nine teaching hospitals, four of which were located in a suburban setting, four in an urban setting, and one in a rural setting. All three community practice hospitals were located in a suburban setting. The study had an experienced central coordinator (in Charlotte, NC) who visited each site for initiation, worked full-time on this project during the entire period of enrollment and whose sole responsibility was to oversee compliance of each site with the study protocol.
Selection of Participants
Patients were enrolled in the ED and included if they had signs or symptoms that the treating physician interpreted as sufficient to warrant testing for PE and they indicated willingness to participate by process of informed consent. We excluded patients who were already being treated for venous thromboembolic disease (VTE: PE or deep venous thrombosis-DVT) with therapeutic levels of anticoagulation, and patients with computed tomography (CT), ventilation perfusion scintillation (VQ) or duplex Doppler testing, performed within the preceding 30 days that was diagnostic of PE or DVT, respectively. We excluded patients with overt circulatory shock, respiratory failure, or co-morbid conditions that included likely death in the next few days. We also excluded patients with social circumstances that have been highly predictive of loss to follow-up including homelessness or imprisonment. All subjects enrolled had to have testing with at least one of the following: D-dimer blood test, CT angiography of the pulmonary arteries, or VQ scan. Patients evaluated for possible DVT only, without physician suspicion for PE, were not enrolled.
Data Collection and Processing
Trained research personnel sequentially monitored ED physician orders for PE testing during either randomly assigned shifts or during periods when research personnel were available to perform consecutive enrollment. This was a non-interventional observational study and clinicians could evaluate for PE by the method of their choice, but the study protocol recommended an algorithm that used pretest probability assessment followed by selective use of a quantitative D-dimer, CT angiography or VQ scan. Patients with low pretest probability and a negative D-dimer or a CT angiography read as negative for PE or a normal VQ scan were considered to not have PE at enrollment. All patients without a diagnosis of VTE at enrollment were followed to determine possible new diagnosis of VTE within the next 45 days.
Explicit predictor variables were obtained from four published standard pretest probability models; Wells4, revised Geneva8, Charlotte Criteria 6 , and a decision rule designed to exclude PE (the PERC rule). 11 With the exception of the "alternative diagnosis more likely" component of Wells' score, we considered all variables contained in one or more of these published models to be "explicit". Variables that are absent from the above models, but commonly used in routine care as an indication to test for PE were defined a priori in our analysis as "implicit" predictor variables. (Table 1) The rationale for including each implicit variable, and its written definition came from the collective experience of the authors during the design of the web-based data collection instrument.
All subjects had a structured interview with data recorded at the point of care using a webbased collection instrument with preformed fields and drop down menus to prevent miss-keyed or missing data. 12 Sites used either the clinician to enter the data or the information was conveyed directly to a research assistant by the clinician and supported by the medical record. Users could not upload the form until all data fields were populated. All clinical data including signs, symptoms, and variables were entered prior to results of final PE testing while patients were in the ED. All decisions about admission, further evaluation, and anticoagulation were made by treating physicians independent of the study protocol.
Outcome Measure-The primary outcome for this study was PE or DVT diagnosed during the index ED visit or hospitalization or during the subsequent 45 days. Follow-up was performed 45 days after the index visit for all enrolled subjects via telephone interview, medical record review or search of the Social-Security Death Index as previously described. 13 Patients and medical records were queried for subsequent acute care visits, hospitalization, cardiopulmonary imaging, tests for VTE, new or changed anticoagulation, or death. The criterion standard for the diagnosis of VTE required diagnosis and intent to treat either PE or DVT within 45 days. Diagnosis of PE required CT documented by an attending radiologist as positive for acute filling defect of a pulmonary artery or VQ scan documented as high probability for PE, or autopsy positive for PE. Diagnosis of DVT required a venous duplex ultrasound-Doppler examination of the arm or leg interpreted as positive for DVT. Treatment was deemed present with medical record evidence of the intent to institute systemic anticoagulation, or actual systemic anticoagulation for at least 90 days, or inferior vena cava filter placement.
Analytical plan
Baseline patient characteristics are reported as means with standard deviations and proportions with 95% confidence intervals. (95% CI) The primary data analysis was done by entering 25 independent (predictor) variables into a logistic regression equation to determine beta coefficients and converting them to adjusted odds ratios (OR). Some continuous variables were dichotomized based on previous convention in the literature associated with PE (age, hypoxemia, tachycardia), or clinical convention (fever, BMI). Prior to analysis, the cohort was known to contain 568 patients with the dependent variable of VTE present. Based on a conservative conventional ratio of subjects with the outcome of interest to number of candidate variables of 20:1, this would allow the ability to test at least 25 candidate variables. Significance was defined as adjusted odds ratios with 95% CI that do not cross 1.00. Statistical calculations were made using Stata statistical software version 10 (StataCorp LP, College Station, Texas). We screened all data elements for any miss-keyed or nonsense data extensively by graphical analysis, histograms, and tabular examination of extreme values at the end of the range (for continuous data), and by one way tables reporting all categories including missing for categorical data. This was reconciled with focused re-examination of the medical record when available.
Results

Characteristics of Study Subjects
Not all patients who were eligible provided informed consent or were capable of adequate followup. The rate of refusal of informed consent in otherwise eligible subjects was 5.0%. The rate of subjects excluded due to foreseeable inability to achieve follow-up was 3.9% (e.g. homelessness, imprisonment). The final sample comprised 7,940 ED patients who underwent formal testing for PE ordered by 477 unique clinicians. The mean patient age was 49.0 years (SD±17.3). Median age was 47 years (25 th -75 th IQR 36 to 61). Females comprised 67% of the sample. Race and ethnicity are described in Table 2 . At the end of 45-day follow up, 568/7940 (7.2%; 95% CI 6.6 to 7.7%) met the criterion standard definition of PE or DVT. Most VTE (552) were diagnosed at the index visit ( Figure 2 ).
Patients reported chest pain (72%) and dyspnea (70%) as the most common presenting symptoms. Half of all patients were discharged from the ED, 36% were admitted to a floor bed, 12% to a 24-hour ED observation/short stay unit, and 2% were admitted to an ICU. Table 3 shows the results of the primary data analysis. In 284 records we were unable to fully impute or correct miss-keyed, missing or non-sense data and these were not included in the final logistic regression model. We compared 25 predictor variables including 13 that we believe to be implicit predictors and 12 that are explicit predictors. Eight of 13 implicit predictor variables tested were significant in the multivariate model. . Both the presence of tachypnea (respiratory rate >24 breaths/minute) and patient perception of dyspnea were associated with increased likelihood of VTE [OR 1.26 for both] but with lower limits of the 95% confidence interval of 1.02 and 1.00 respectively. Several predictor variables often cited as providing rationale for test ordering were not statistically significant including: pregnancy or post-partum state, sudden onset of symptoms, obesity (body mass index >=30), and past history of treated but currently inactive malignancy. Nine of the 12 explicit predictor variables were associated with VTE. The strongest associations included: patient history of VTE (OR=2.90), unilateral leg swelling (OR=2.60), recent surgery within 4 weeks (OR=2.27), estrogen use (OR=2.31), pulse oximetry saturation <95% (OR=2.10), active cancer (OR=1.92), and immobilization exclusive of travel (OR=1.72). However, some explicit variables that are currently part of pretest probability prediction rules and taught as being associated with PE were not significant in our analysis. Hemoptysis, trauma within 4 weeks, and shock index>1.0 were not statistically associated with the outcome of VTE.
Main Results
Limitations
Physicians were not mandated to follow universal imaging algorithms and therefore it is possible that some patients may have had non-recognized VTE. The study used a thorough, validated follow up methodology, and results include a post-index VTE rate similar to protocolized management trials 7, 17 suggesting that this effect is unlikely to have been to a degree that threatens validity of findings. It is also likely that the observational nature of this work explains why the prevalence of disease was lower than has been observed in other studies 18 or recent controlled trials of imaging studies. 17, [19] [20] In contrast to the strict qualifying process required for a management study or a clinical trial, the present work was designed to collect a large, relatively unbiased sample of patients with heterogeneous clinical characteristics known to clinicians at the time they ordered a test for PE in the emergency department; we believe our findings represent real-world, current acute care practice in the United States.
We are unaware of a method to estimate the probability of type II-like error with a multivariate logistic regression equation (i.e., failure to recognize a truly significant predictor). Nonetheless, we believe it is likely that this analysis failed to find significance for variables that truly are important predictors of PE in the ED. Specifically, the variable of trauma had an odds ratio of 0.78 with confidence interval of 0.37-1.65. The explicit definition of trauma that appeared to the user in a pop-up box on the data form was as follows: "traumatic injury requiring hospitalization within the previous 4 weeks." The word "hospitalization" was not further defined, although the user had to choose which body systems were injured. It is possible that trauma would have been significant if the definition were more specific or more restrictive (e.g., trauma requiring >3 consecutive days hospitalization in the previous 4 weeks). This possibility of a type II-like error could also apply to our findings about pregnancy. Our sample had a low number of pregnant patients and the confidence interval around this variable is wide.
We did not perform interobserver agreement analysis on this sample as most explicit variables are part of the Wells score or other pretest probability systems that have been extensively applied and validated in a variety of practice settings. The implicit variables are either objective data elements (BMI, tachypnea, fever) or are relatively clear binary elements from the history (recent pregnancy, inactive malignancy). In earlier work in which 21 variables were analyzed to create a prediction rule, we performed inter-observer agreement and found that of the 15 significant predictors, only 2 (immobility and sudden onset) were not included in the model due to low values of Cohen's Kappa (0.30 and 0.48) 11 However, we acknowledge that some elements such as dyspnea may be abstracted differently by different observers and this must be considered in interpreting these findings.
Most importantly, we wish to highlight the distinction between the present research, designed to predict the short-term outcome of PE, versus epidemiological research designed to assess for clinical factors that cause PE. Studies such as the Longitudinal Investigation of Thromboembolism Etiology (LITE) study 21 report the outcomes of patients followed over time to determine biological and clinical factors that cause VTE in the general population. Factors that increase risk of PE in the general public (e.g., obesity) may not be important predictors of PE among symptomatic patients in the ED setting.
Discussion
This is a large, heterogeneous cohort of acute care patients studied to prospectively quantify the association of patient characteristics known at the time of test ordering with the outcome of VTE. We found that 7.2% of all subjects had PE or DVT at the index visit or during the subsequent 45 days. The variables with the strongest associations with VTE were for patient history of VTE, unilateral lower extremity swelling, recent surgery, estrogen use, oxygen saturation less than 95%, active cancer and patient history of thrombophilia. These findings are consistent with previous studies of pretest probability prediction rules [4] [5] [6] and help to further identify the most important variables that should maximally heighten PE suspicion for the clinician at the time of test ordering.
We believe that many other variables used to guide clinical decisions in EDs and clinics are based on dogma, rather than evidence. Our investigation of these variables is unique. To our knowledge, no previously published evidence has directly compared and quantified the predictive value of pleuritic chest pain, substernal chest pain, dyspnea, estrogen use, family history of VTE, and patient history of a thrombophilic condition for the outcome of VTE. Though some past reports 5 have investigated some of these variables, this is the first report of a large number of them in aggregate, investigated with a priori determined definitions and standardized follow up in the current multi-detector CT era. Furthermore, none of these variables are part of either the currently used Wells score or the revised Geneva score.
Despite the fact that this work focuses on acutely symptomatic patients at the point of test ordering and therefore is not applicable to the question of development of VTE over time, many of our findings are consistent with previous studies of VTE epidemiology. Significant predictors in both epidemiology studies and our work include active cancer, previous VTE, increased age, and recent surgery. [14] [15] [16] The findings related to smoking, female gender, and race need special comment. Both female gender and current smoking were significantly predictive of not having VTE in this cohort with ORs of 0.6. One possible explanation of this finding is that it is a function of over-testing for PE among females and smokers. A disproportionate percentage of females were enrolled in this study (2:1 ratio) and the rate of PE among females was higher on a univariate basis (54.4% vs. 45.6%), but after adjustment for age and estrogen, the independent effect of female gender appeared to predict reduced likelihood of VTE. Disproportionate enrollment of females in studies of PE diagnosis has been seen in other reports and suggests women may be more likely to be tested for PE than men. We strongly urge that this observation not be interpreted as evidence that women are at lower risk for PE. They are not. With respect to smoking and VTE it must be remembered that the manner in which these data elements were obtained does not lend itself to interpretation of causality over time and it may well be that sustained tobacco is causally related to development of VTE in the general population. However we found it to be significantly associated with not having VTE ultimately diagnosed during or after ED testing. We believe that two obvious points can be combined to provide a rational explanation for this observation. First, smoking is a common problem (about one-third of adult ED patients smoke), and second, smoking-related damage to the airways often manifests symptoms that suggest possible PE (but after diagnostic testing and an observation period, no PE ever turns up). It is also important to note that race as a predictor variable was not modeled. In summary, these variables need further analysis and this report does not suggest that female gender, smoking or race should be used as independent factors in the decision to test or not test for PE.
We observed that several clinical characteristics that we believe are assumed by clinicians to predict the presence of VTE were actually not significant independent predictors in the multivariate logistic regression analysis applied to our cohort and had confidence intervals that crossed 1.0. These include sudden onset of symptoms, obesity, and past history of now inactive cancer. One potential interpretation of these data is that acutely symptomatic patients who are otherwise low risk for PE, who have none of the above significant predictor variables but only one or several of the non-significant characteristics such as sudden onset, non-pleuritic substernal chest pain, inactive malignancy, or obesity perhaps should not be considered to be at increased likelihood of PE based on these characteristics alone.
Teachers, practitioners and researchers may find use for these data. Teachers of emergency medicine might use the odds ratio data in Table 3 to prepare lectures and "chalk talks" to students of emergency medicine on the initial approach to patients with possible PE. Practitioners may wish to document these significant predictors when considering whether or not to test for PE, and may wish to add them as standard elements to chief complaint-based, templated charting systems. Researchers may consider testing the predictors we found to be significant in a new decision rule or management algorithm, (our group has no current plans to do so).
Conclusion
In this large sample of symptomatic ED patients tested for PE, several clinical characteristics that are not part of existing prediction rules were identified as significantly associated with the outcome of PE or DVT within 45 days. These included patient history of thrombophilic condition, pleuritic chest pain, and family history of VTE. Predictors from existing pretest probability scoring systems that were validated here as strongly associated with the outcome of VTE included: history of past PE or DVT, unilateral leg swelling, surgery within the past 4 weeks requiring general anesthesia, estrogen use, oxygen saturation of less than 95%, and active or metastatic malignancy. Future decision rules for PE should include these variables and clinicians who use an unstructured approach should use these variables accordingly to help them estimate the pretest probability of PE. Theoretical construct of the test vs. no test decision Flow diagram showing diagnostic outcome of all patients. The study design did not allow for patients to have an endpoint of lost to follow-up Table 1 Categorization and definition of predictor variables 
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